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Abstract 
In this paper, joint torque powers of lower limbs in bicycle pedaling were investigated numerically. An approximation method of relationship 
between the angle of the ankle and normal force in the rotation direction of a bicycle crank while pedaling was investigated  
To calculate the joint torque power of lower limbs, a free body diagram of the motion of the lower limbs was formulated in the 2-dimensional 
plane. We assumed that the movements of the greater trochanters while pedaling were too small to consider. Also, bicycle shoes were supposed 
to be fixed to binding pedals. The free body diagram of one leg has two degrees of freedom, the crank angle and the ankle angle, when it is 
assumed that the greater trochanters are relatively motionless during bicycle pedaling. In previous research, the ankle angle during bicycle 
pedaling was obtained directly from image analysis using high-speed cameras each time the pedaling output or cadence changes. However, the 
relationship proposed here does not require image analysis software with high-speed cameras each time the pedaling output or cadence changes 
: All positions of the lower limb segments, the joint torques and the joint torque powers were calculated from the lower-limb model. 
The analytical system for bicycle pedaling comprised cleat-shape biaxial load cells and a program to evaluate pedaling effectiveness, joint 
torque and joint torque power. The plastic cleats between shoe-sole and binding pedal were replaced with biaxial load cells, which measured 
the biaxial-forces of right and left legs independently. Evaluations of the joint torques of the lower limbs were conducted with five male 
subjects to demonstrate the applicability of the proposed method. 
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1. Introduction 
The purpose of this research was to evaluate the joint torque power of lower limbs using our bicycle pedaling system. This 
system employs a newly proposed relationship between ankle angle and normal force in the rotation direction of a bicycle crank. 
Today, many cyclists train with power meters. Power meters are able to measure torque applied to the crank. The torque is 
measured by multiplying the bicycle driving force by the length of the crank. Since not all of the human leg power is converted 
to driving forces, cyclists must apply leg power to the pedals in an optimum direction in order to reduce the loss of power. 
Pedaling force can be decomposed into tangential and normal components of crank rotation. The tangential component is 
effective as a driving force while the normal component clarifies the relationship between human leg power and bicycle driving 
force. 
In addition, joint torque data for each joint of the lower limbs (ankle, knee and hip) could give us information about muscle 
fatigue. Joint torque power measured by multiplying the joint torque by the joint angular velocity allows a detailed evaluation of 
muscle activity. Wangerin et al. (2007) evaluated the joint torque in pedaling based on an inverse dynamics calculation. Purdue 
et al. applied an evaluation system for muscle activity and joint torque using a musculoskeletal model. These systems required 
image-analysis software in combination with a high-speed camera to determine ankle angle, making the evaluation of pedaling 
efficiency during an actual competition difficult. 
© 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In this research, a relationship between the ankle angle and normal force of bicycle crank was applied to calculate positions of 
lower limb joints.. This relationship does not require the use of any image-analysis software with the high-speed camera for each 
subject. The joint torque of the lower limbs while bicycle pedaling was calculated using the proposed relationship. 
2. Construction of evaluation system 
2.1. Modeling lower-limb motion 
Modeling of lower-limb motion was conducted for the following two reasons. First, it allowed the measured forces to be 
converted into effective and non-effective forces in order to evaluate pedaling technique. This conversion was based on crank 
and pedal rotation. Second, it provided kinematic data for the lower limb motion while pedaling. By obtaining kinematic data, 
joint torque and joint torque power can be calculated. 
The lower-limb model was formulated with a link mechanism. Crank rotation was calculated using a magnetic transducer. 
Lower limb behavior was observed from beside the bicycle, and the positions of the bottom of the bracket and of the greater 
trochanter were considered fixed points. Moreover, the length of the crank and of each element of the lower limb were 
considered constant. Thus, if ankle angle has been determined, lower limb behavior depends on crank rotation. Therefore, ankle 
angle was calculated using the proposed relationship. The proposed relationship was between the ankle angle and normal force in 
the rotation direction of the bicycle crank (Figure 1). This figure shows that the relationship between ankle angle and normal 
force in the rotation direction of the bicycle crank was not significantly affected by pedaling output: We applied following two 
linear equation to relationship between ankle angle and normal force of bicycle crank to investigate the effect of ankle angle to 
joint torque. 
 21 JJJ  nf                 (1) 
Where J  is the ankle angle, nf  is the normal force, and 1J  and 2J  are constant parameters for each subject. Two variables 
used in the approximation method were determined by using relationship between the ankle angle and normal force in the 
rotation direction of a bicycle crank. Also, the length of each element of the lower limb, the length of the crank and the position 
of the greater trochanter were given as constant parameters. In this research, analysis of joint torque power determined by two 
linear function was performed. 
 
 
Fig. 1 Relationship between ankle angle and normal force 
(Subject E ) 
Fig. 2 Link mechanism of lower limb 
2.2. Calculation method for joint torque and joint torque power 
Joint torque is the resistive force acting on the body due to the influence of external forces. Evaluation of joint torque 
contributes to injury prevention and to the construction of training programs. To calculate joint torque, a free body diagram of the 
lower limb, based on Ae and Fujii (2002), was applied (Figure 3). The free body diagram separates the lower limb into three 
segments (thigh, lower leg and foot). Calculations of motion for translation and motion for rotation were made with the following 
equations: 
 gmffxm kDkPkkk  ,,                                (2) 
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 DkPkDkcgDkPkcgPkkk TTfPfPI ,,,,,,  Z                         (3) 
Here, k  is the segment number: 1k   is the foot segment, 2 is the lower leg segment, and 3 is the thigh segment. g&  is the 
gravity vector, km is the mass of each segment, f
&
 is the force vector, kZ  is the angular velocity, kI  is moments of  inertia, and 
kT  is joint torque moments. 
Joint torque power is a value calculated based on joint torque and joint angular velocity. Evaluation of joint torque power 
allows us to estimate the action of virtual muscles. The relationship between joint torque power and muscle power is not as 
simple as because elasticity, biarticular muscles and co-contraction behave complex. Joint angular velocity was calculated by 
differentiating the joint angle based on the link mechanism of the lower limb (Figure 4). The interpretation of joint torque power 
provided in Table 1 is based on Ae and Fujii (2002). 
 
 
Table 1. Definition of joint torque power  
Joint torque Joint angular velocity Joint torque power 
Extension torque˄ˇ˅ Extension˄ˇ˅ Positive power˄ˇ˅ 
Flexion˄ˉ˅ Negative power˄ˉ˅ 
Flexion torque˄ˉ˅ Extension˄ˇ˅ Negative power˄ˉ˅ 
Flexion˄ˉ˅ Positive power˄ˇ˅ 
 
 
  
Fig. 3 Free body diagram of lower limb Fig. 4 Definition of joint angles of the lower limb  
 
3. Performance test 
3.1. Subjects and test conditions 
Cycling performance tests were carried out with five amateur male cyclists as subjects (Table 2). A cycle training machine 
Wattbike (Wattbike Corp.) was applied to for the performance tests (Figure 5). Horizontal and vertical loads of the left and right 
legs were recorded for 30 seconds using a digital recorder (EDX-100A by Kyowa Corp.). Also, cadence was recorded using a 
digital recorder using a magnetic sensor. Recording frequency was 500 Hz. The subjects were ordered to keep a cadence of 90 
rpm and a pedaling output of 200 W during the performance tests. Wired transmission was applied to the connection between the 
load cells and the digital recorder.  
Small tracking markers were fixed to the joints of the toe, ankle, knee, and greater trochanter to investigate relationships 
between ankle angle and normal force. The positions of markers were recorded using a high-speed camera (Photron FASTCAM 
SA4). The relationship between ankle angle and normal force was given as equation (1). Two cases of linear function (shoen as 
pattern 1 and pattern 2 in Figure 1) to represent the relationship between the ankle angle and normal force. The pattern 1 was 
supposed to be fitted to the relationship between the ankle angle and the normal force during the downstroke, and pattern 2 was 
fitted to the relationship between the ankle angle and the normal force during the upstroke. 1J  and 2J  for each subject are shown 
in Table 3. 
Table 2.  Subject data 
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Subject Age Height 
[m] 
Mass 
[kg] 
BMI 
[kg/m2] 
A 22 1.75 62.65 20.45 
B 22 1.75 73.65 24.25 
C 23 1.65 64.10 23.68 
D 24 1.72 65.40 22.10 
E 24 1.70 67.20 23.25 
Standard deviation 0.894 0.0389 3.83 1.30 
 
Table 3. Approximate expression parameters for each subject 
Subject Pattern (Application range in 
crank angle) 
1J  2J  
A 1 ( q12  ~ q135 ) 0.0486 102.070 
2 0.0577 108.160 
B 1 ( q357  ~ q147 ) 0.0695 107.712 
2 0.0697 104.950 
C 1 ( q12  ~ q138 ) 0.0615 97.832 
2 0.1169 105.600 
D 1 ( q6  ~ q132 ) 0.0264 109.870 
2 0.0482 116.290 
E 1 ( q336  ~ q144 ) 0.0516 100.470 
2 0.0741 111.520 
 
 
a b 
Fig. 5 (a) Wattbike (Wattbike Corp.) (b) Experimental condition 
 
3.2. Joint torque power results and discussion 
Relationship between average pedaling outputs and bicycle crank angle are shown in Figure 6 (a). In Figure 6 (a),  subject A, 
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D and E kept a pedaling output of around 200 W and subject B and C kept a pedaling output around 200 W or less. Subject E 
could keep the most stable pedaling around 200 W in five subjects. The joint torque powers for subject E are shown in Figure 6 
(b), 6(c) and 6(d). Two linear function which were applied to relationship between ankle angle and normal force in the rotation 
direction of a bicycle crank leads to different results in Figure 6. One linear function (Pattern 1 in Figure 1) was applied to 
approximation for the downstroke (crank angle q336  ~ q144 ), and another linear line (Pattern2 in Figure 1) was mainly applied 
to approximation for upstroke (crank angle q144  ~ q336 ). In this research, pattern 1 was applied to evaluate the maximum joint 
torque powers of each joint. 
Figure 6 (b), (c) and (d) show that subject E first applied knee-joint torque power during the downstroke, and then applied 
ankle- and hip-joint torque power. Furthermore, the maximum joint torque power for each joint were generated at almost the 
same time (crank angle was q130 ). The maximum joint torque power of hip joint (in Figure 6 (d)) was 139.2 W, which was 
greater than ankle joint power and knee joint power. In addition, the maximum joint torque power of ankle joint (in Figure 6 (b)) 
was about 55.0 W, which was smaller than those of knee and hip joint. The joint torque power of ankle and hip joint increased 
from q0  to q130  ankle angle. The joint torque power of knee joint increased gradually from q0  to q90  of ankle angle.  
 
 
a b 
(a)Average pedaling output (b) Joint torque power of ankle joint (subject E) 
c d 
 (c) Joint torque power of knee joint (subject E) (d) Joint torque power of hip joint (subject E) 
Fig.6 Average pedaling output and joint torque power given by each joint 
 
 
 
 
 
 
4. Conclusion 
In this research, a linear relationship between ankle angle and normal force in the rotation direction of a bicycle crank was 
applied to calculate positions of lower limb joints. The ankle angle was approximated by using 2 linear function for 
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simplification because the relationship of the ankle angle and normal force in the rotation direction of a bicycle crank (in Fig. 1) 
shows nonlinear relationships. For performance tests, a cycle training machine Wattbike was applied.  The performance tests  
were carried out with five healthy males. To evaluate performance test results, in this research, two variables of the linear 
relationship were given by experimental results in downstrokes because we focused on evaluation of the maximum joint torque 
powers. The two variables of the linear relationships were given by experimental results in downstrokes. Therefore some 
calculated results of joint torque powers might include some errors during upstrokes. Pedaling outputs of experiments with 
subjects were carried out from 200 W to 300 W. Additional experiments for higher pedaling output over 300 W should be 
required for competition training. It is necessary to digital analysis of pedaling by using high-speed cameras for each subject in 
order to determine two variables of the approximation method. The joint torque and joint torque power for armature cyclists were 
discussed in this paper. Approximation method to represent ankle angle and normal force in the rotation direction of a bicycle 
crank should be improved in our future work. 
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